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ABSTRACT: Understanding the effects of the parameters affecting the interaction of tandem hydrofoil system is a 
crucial subject in order to fully comprehend the aero/hydrodynamics of any vehicle moving inside a fluid. This study 
covers a parametric study on tandem hydrofoil interaction in both potential and viscous fluids using iterative Boundary 
Element Method (BEM) and RANSE. BEM allows a quick estimation of the flow around bodies and may be used for 
practical purposes to assess the interaction inside the fluid. The produced results are verified by conformal mapping 
and Finite Volume Method (FVM). RANSE is used for viscous flow conditions to assess the effects of viscosity compared 
to the inviscid solutions proposed by BEM. Six different parameters are investigated and they are the effects of distance, 
thickness, angle of attack, chord length, aspect ratio and tapered wings. A generalized 2-D code is developed implemen-
ting the iterative procedure and is adapted to generate results. Effects of free surface and cavitation are ignored. It is 
believed that the present work will provide insight into the parametric interference between hydrofoils inside the fluid.  
KEY WORDS: Tandem hydrofoils; Tandem airfoils; Body interference; Iterative boundary element method; Finite 
volume method. 
INTRODUCTION 
Tandem arrangement of bodies can be encountered even in the most ordinary ships. A ship hull and a rudder are arranged in 
tandem in any conventional ship. A rudder creates a lift force to steer a ship by confronting the flow behind the ship hull with an 
angle of attack. The maneuverability of a ship is determined by the lift force created by the rudder; therefore the maximization 
of this lift force is significant. 
It is possible to think of the rudder behind the ship hull as a flap behind an aircraft wing. A flap increases the lift force of the 
wing; however, the parameters affecting the interaction between them must be analyzed carefully before the decision of how 
this flap will be given. The same situation is valid for the ship - rudder system; some parameters must be maintained in order to 
receive full performance from the rudder. For example, the distance between the rudder and the ship or the shape of the rudder 
changes the flow around the ship stern significantly. This study intends to give a general notion on how the objects inside the 
fluid interact with each other using two NACA0012 hydrofoils arranged in tandem. NACA0012 hydrofoil is selected as a 
sample object inside the fluid due to its wide usage and a lot of literature work being present. The objects inside the fluid may 
differ but the effects of the parameters will be about the same. The parameters examined in this study are; the effect of the 
distance between the hydrofoils, the effect of thickness, the effect of angle of attack, the effect of chord length, the effect of the 
aspect ratio and the effect of tapered wings. 
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The present study focuses on two tandem hydrofoils and the problem is tried to be simplified with a two dimensional 
approach where possible. There are some works done and papers published about the interaction of bodies in a fluid. The 
lift/drag ratio with the deflection of spoiler; which in this case is the backward or the second hydrofoil have been improved by 
Wang et al. (2011). A technical note published by Matveev and Matveev (2001) investigated the tandem hydrofoil system to 
improve the lift/drag ratio of a high-speed ship. 
The iterative boundary element method and RANSE solutions are used within the study. Potential flow solutions are 
handled by the boundary element method mainly; while for all the viscous flows FVM implementing RANSE was referred to. 
A low - order and two - dimensional iterative boundary element method was used in this study with a combined source - dipole 
elements and Dirichlet type of boundary condition. Low - order panel method was chosen due to its smaller computational 
effort and sufficiency in complex geometries (Lee, 1987). BEM is a widely used method to assess propulsive efficiencies of 
ships and some works relating to this topic may be found in (Ghassemi, 2009a; 2009b). Although excluding viscous effects, 
BEM is a very practical method to assess hydrodynamic and even seakeeping characteristics of ships. It allows much faster 
calculation than FVM can handle and therefore, BEM is a solid method that paves the way for parametric analyses for complex 
flows inside fluids. Iterative BEM is a tool that relaxes the computer in terms of memory required and therefore may be 
preferred instead of the direct method (Kinaci et al., 2011; Kinaci, 2014). Bal (2008a; 2008b; 2011) has selected papers on 
iterative BEM. He has used the iterative boundary element method and divided the wave resistance problem into sub-parts to 
handle the problem in terms of numerical implementation easily and to reduce computational time. Combined source - dipole 
elements can model a thick and asymmetric body and therefore refer to a broader set of geometries. Dirichlet type of boundary 
condition was selected to compute the results more precisely. 
The wings are intensively researched by aeronautical engineers mainly; therefore many papers are published by aerodyne-
micists looking for conditions to increase wing lift. The steady and unsteady effects of flaps over the main wing are investigated 
by RANSE in (McGlumphy et al., 2009; McGlumphy et al., 2010; Zhu et al., 2012; Lim and Tay, 2010). Flaps work in the 
wake of the main wing; therefore, oscillations may occur in the system. These oscillations reduce the lift of the wing and due to 
this reason, a detailed work involving the unsteady effects of the system is given for some specific airfoils in (Zhu et al., 
2012; Lee, 2011). Experiments have also been made for understanding the effects of the tandem airfoil interaction in unsteady 
cases (Lee, 2011; Muneketa et al., 2008). Some experiments were conducted to improve lift to drag ratio of airfoils and 
constitute the core of some works (Scharpf and Mueller, 1992). 
This study ignores the effects of instant lift reductions due to the unsteady characteristics of the tandem hydrofoil system as 
well as the possible effects of cavitation and free water surface effects. Free water surface affects the lift of the hydrofoil and its 
effects are investigated in numerous papers (Duncan, 1983; Hino, 1983; Xie and Vassalos, 2006; Ghassemi and Kohansal, 2013). 
Cavitation formed at the backward hydrofoil in the wake of the forward hydrofoil (which indicates the rudder in the ship - 
rudder system) is another important issue and cavitating hydrofoils are examined in (Bal, 2011; Ekinci et al., 2010). 
For the iterative boundary element method, the authors have developed their own code while for RANSE applications; a 
commercial CFD software is used. This work is built upon and a developed follow-up of the paper presented by the same 
authors in Hydman 2012 conference (Kinaci et al., 2012). 
FORMULATION OF THE PROBLEM 
Boundary element method formulation 
Boundary element method in this study is only used for inviscid and two dimensional flows. Therefore, only 2D 
formulation of the method will be given. Incompressible and inviscid continuity equation for an irrotational fluid is defined by 
the Laplace Equation which states that the total potential ∅* of the whole fluid domain is equal to zero.  
2 * 0φ∇ =  (1) 
According to the Green’s Identity, a general solution of the Laplace Equation can be given as a sum of source and doublet 
distributions on the boundary of a 2D surface S: 
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The detailed explanation of the rest of the theory and the numerical implementation is given in (Katz and Plotkin, 1991) and 
will not be explained here. 
Numerical implementation of BEM 
The authors of the study have developed their own code for using the iterative boundary element method. At first, the 
upstream body is solved without the effects of the downstream body as if it was in the unbounded flow domain. Then the 
effects of the multiple bodies are taken into account. During the iteration process, the solutions for both bodies constantly 
change and will converge to a solution at some point with respect to the desired error. After the desired error is caught, the 
program will stop. At that point, the pressure distribution over both bodies will be calculated with the latest calculated results 
acquired within the iteration. Please refer to (Kinaci, 2014) for a broader explanation of the numerical implementation of the 
iterative BEM. 
CFD method formulation 
This study examines the possible effects of a hydrofoil on another hydrofoil with a commercial CFD solver. Momentum 
equation of the flow, also known as the Navier - Stokes equation, can be written as; 
2i
i i
i
Du pF u
Dt x
ρ µ
∂
= − + ∇
∂
 (3) 
This equation usually holds for laminar flows, however; in this study viscous flows are considered to be turbulent. Ori-
ginating from the complex behavior of turbulence and its unpredictable effects on the flow, time averaged values of parameters 
are brought into the equation. This approach is called Reynolds Averaged Navier Stokes Equation (RANSE) and time averaged 
equations of Navier - Stokes and continuity give rise to an equation in tensoral notation: 
' '
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 (4) 
In this study, the flow is accepted to be steady and incompressible and the effects of free surface and cavitation are ignored. 
Due to incompressible flow, energy equation is automatically eliminated from the conservation equations and only the conti-
nuity and momentum equations are left. The viscosity term in Eq. (4) may also be eliminated depending on the type of solution 
FVM will return. 
Numerical implementation of CFD 
For a detailed explanation of the discretization of FVM, please refer to the book published by Versteeg and Malalasekera 
(2007). 
The calculations involved in this study are all for steady cases. Since there are two types of flows solved with FVM 
(inviscid and viscous), conditions of the viscous solver is divided into two. For the viscous solver, the realizable k ε−  
turbulence model is used. Standard k ε−  model is known in the literature to return good results in streamlined bodies like 
hydrofoils where adverse pressure gradients are not high (Bardina et al., 1997). Realizable k ε−  turbulence model is the 
enhanced version of the standard model (Shih et al., 1995). Since the subject of this article is not to intercept the stall point of 
the hydrofoil (where it is known that boundary layer separation occurs), this turbulence model proposes a good solution method 
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for this case. For bluff bodies or for bodies where it is likely that boundary layer separation will occur, k ω− SST  turbulence 
model is advised. Please refer to ANSYS Fluent Manual (2011) for a broader explanation about turbulence models and where 
to use them.  
The inlet of the fluid domain is selected as velocity inlet and the outlet as pressure outlet. The top and bottom walls are 
stationary walls with no slip boundary condition attached. SIMPLE algorithm is used for pressure-velocity coupling which is 
the mostly used and the most straightforward method (Versteeg and Malalasekera, 2007). Pressure, momentum, turbulent 
kinetic energy and dissipation rate are all selected as second order. 
VALIDATION 
This section covers validation of both methods with the results from the literature and the verification of the iterative 
boundary element code developed to examine the tandem hydrofoil configuration. 
Validation of BEM and FVM 
The widely used reference book for airfoil / hydrofoil characteristics is the one published by Abbott and Doenhoff (1959). 
The book covers a broad range of airfoil data and the experimental results published in this book for NACA0012 airfoil will be 
used in this part of the article for validation of BEM and FVM. The AoA of the wing is 0o. The results of BEM, FVM and 
experimental results of Abbott and Doenhoff are given in Fig. 1. 
It may be observed from figure 1 that there is a great compliance between the numerical methods employed in this paper 
and the experimental results. FVM has a slight margin of error at the leading edge and the possible causes of this flaw may be 
due to the mesh structure used or some numerical instabilities at this part of the fluid domain. 
 
 
Fig. 1 Validation of BEM and FVM with the results from the literature. 
Validation of the developed iterative BEM code 
The developed iterative boundary element code was tested with Lee et al.’s work who both graphed their own calculations 
and the results from exact conformal mapping (Lee et al., 1991). Two plates of c  chord length with zero thickness were tested. 
There is a vertical distance h  between the two plates and the angle of attack is α . The case is shown in Fig. 2, taken from the 
same work. 
The results of this study have been compared to that given in Lee et al. (1991). Several test cases of h c  having values of 
7.501 (Fig. 3(a)), 0.877 (Fig. 3(b)) and 0.288 (Fig. 3(c)) have been examined with α  = 20o, and pC  versus x c  values 
were graphed. As it may be comprehended from these Figures, the generated results seem to be in great compliance with Lee et 
al. (1991). 
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Fig. 2 Lee et al. (1991) test case with two plates. 
 
 
(a)                           (b)                            (c) 
Fig. 3 Comparisons of the theory with (Lee et al., 1991). 
(a) 7.501h c = , (b) 0.877h c = , (c) 0.228h c = . 
GRID DEPENDENCY FOR FVM 
Grid dependency is made for the case represented in Fig. 6. The hydrofoils are of NACA0012 section and the distance 
between the leading edges of both hydrofoils 2. The upstream hydrofoil has 0o of AoA while the downstream hydrofoil has 5o. 
Five different grid structures are tried and the data obtained for these grids are given in Table 1. 
 
Table 1 Grid dependency results with y+ and drag coefficient values. 
Grid type Element no. y+max Upstream Downstream 
Coarsest 6.75 k 126 0.1013 0.3002 
Coarser 13.5 k 88.5 0.0898 0.2731 
Coarser 27 k 67.4 0.0801 0.2624 
Medium 54 k 50.5 0.0765 0.2588 
Fine 108 k 37 0.0768 0.2564 
 
It seems from table 1 that medium grid type which uses around 54000 elements returns good results. The results do not 
seem to change that much for the fine grid type. The drag coefficients of both hydrofoils versus the maximum y+ are given 
in Fig. 4. 
The mesh structure used for the medium grid type is given in Fig. 5. Quad elements are used for the whole domain. The 
zone including the hydrofoils is separated from the rest of the fluid domain and for this part pave meshing structure is 
applied. The rest of the domain is meshed as mapped. Worst element quality in the grid is around 0.4 which is found to be 
acceptable. 
6 Int. J. Nav. Archit. Ocean Eng. (2015) 7:25~40 
 
Fig. 4 Calculated drag coefficient for both hydrofoils with FVM versus maximum y + . 
 
 
Fig. 5 Medium grid structure used in this study. 
SOME PARAMETRIC NUMERICAL RESULTS 
Numerical results are examined for six parameters. These parameters are distance, thickness, angle of attack, chord length, 
aspect ratio and tapering effects. For the solutions involving the iterative boundary element method, the hydrofoils were 
represented with 100 panels each. The results are given in terms of their circulation values which form the brick of the lifting 
concept. Circulation is non-dimensionalized in this study as: 
*
V c
Γ
Γ =
⋅
 (5) 
*Γ  represents circulation, while Γ  is non-dimensionalized circulation. V  is unit velocity while c  is unit chord length; 
therefore, *Γ = Γ  in this study.  
For the CFD solutions, Kutta - Joukowsky theorem states that: 
L Vρ= Γ   (6) 
Lift force can also be stated as;  
21
2 L
L cV Cρ=  (7) 
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ρ  and V  and c  are one unit each; therefore Eqs. (6) and (7) combine to give;  
1
2 L
L C= Γ =  (8) 
The coefficient of lift obtained from the CFD solver is halved to make it compatible with the results found from the iterative 
boundary element method. 
Effect of distance 
In order to analyze the distance effect properly, some parameters are kept constant. The angle of attack for the first hydrofoil 
is 0°, while it is 5° for the second hydrofoil. Both hydrofoils are of NACA0012 section and their chord lengths are 1 unit. The 
only varying parameter is the distance between hydrofoils (actually the distance between the leading edges). See Fig. 6. 
 
 
Fig. 6 An outlook at the system for analyzing the distance effect. 
 
For only one foil in the flow, circulation value calculated for NACA0012 at 5° of angle of attack is about 0.298. Abbott and 
Von Doenhoff (1959) have calculated around 0.58 for lift coefficient of NACA0012 (the value is read from the graphs in the 
appendix), which in turn gives a circulation value of 0.29. The effect of the forward hydrofoil on the backward hydrofoil can 
clearly be seen from Fig. 7. In the figure, non-dimensionalized circulation is graphed versus the distance between the leading 
edges of the hydrofoils. Solutions obtained from the iterative boundary element and finite volume methods are given in the 
same graph to compare and contrast the effectiveness and compatibility of the methods. The distance increment for iterative 
BEM is set to 0.05 units and therefore the code runs itself for 80 times, returning results in just about a minute. However, only 
five analyses were made implementing FVM because meshing and the iterative process of this method are way slower than 
BEM. Only one analysis takes about 20 minutes on an average computer to converge and this time frame does not cover the 
time spent for meshing the fluid domain. 
 
 
Fig. 7 Circulation vs. distance between hydrofoils obtained from both methods.  
Upstream hydrofoil has 0° AoA while downstream has 5°. 
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As the distance increases, the lift of the downstream (abbreviated as d-stream in the rest of the figures) hydrofoil increases 
and acts like if it is in the flow only by itself. The same applies for the upstream (abbreviated as u-stream in the rest of the 
figures) hydrofoil and total lift as well. As the distance increases; the upstream hydrofoil’s lift approaches zero (as it is in the 
unbounded case) and the total lift starts to look like originating from only the downstream hydrofoil. The convergence to the 
unbounded circulation value for one NACA0012 can be read from the graph given in Fig. 7 as the distance goes to infinity for 
both hydrofoils. It must be reminded that if both hydrofoils were in the flow only by themselves, their circulation values would 
be 0 and 0.29. As the distance goes to infinity the limits of their circulation tend to go to the isolated case results. 
It may be said that although the general trend of the curves agree, FVM generates slightly smaller values for circulation. It 
should also be noted that although the upstream hydrofoil has no angle of attack, the lift of the forward hydrofoil is about the 
same as the backward hydrofoil (which has 5°) for 1.3 distance/chord length. It is possible to say that as the hydrofoils get closer 
to each other, the upstream hydrofoil may benefit from the downstream one and have higher lift. 
The effects of viscous flow are examined via RANSE based FVM. Viscous flow affects the lift of the whole system in a 
negative manner. The comparison of inviscid flow with viscous flow can be seen from Fig. 8. 
 
 
Fig. 8 Comparison of inviscid flow with viscous flow with FVM. 
Effect of thickness 
Thickness effect is analyzed by holding the downstream hydrofoil section constant (which is NACA0012 in this case) and 
changing the section thickness of the upstream hydrofoil (NACA0006). The angle of attack for the upstream hydrofoil is 0°, 
while it is 5° for the downstream hydrofoil and both hydrofoils have 1 unit chord length. The results of the interaction 
between NACA0006 and NACA0012 hydrofoils for both methods are given in Fig. 9. Analyzing the figure, it could be stated 
that the results generated with the FVM again return lower lift values. 
The results of NACA0012 - NACA0012 interaction with NACA0006 - NACA0012 interaction is compared in the graph 
given in Fig. 10 by FVM. It could be observed from the figure that as the upstream hydrofoil gets thicker, the lift of the down-
stream hydrofoil decreases. In contrast, the upstream hydrofoil gains some lift as it gets thicker which is an expected result. The 
slight increase in the total generated lift is due to the thicker geometry of the upstream hydrofoil. 
Holding the upstream hydrofoil section constant and changing the section of the downstream hydrofoil is not included in 
this study; due to the case being obvious that as the downstream hydrofoil gets thicker, its obtained lift due to fluid flow 
increases. 
The comparison of the results generated from viscous and potential flows (both made by FVM) are given in Fig. 11. The 
deteriorating effect of the viscous flow on the tandem hydrofoil system can be understood from that figure. 
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Fig. 9 Comparison of FVM with BEM for NACA0006  Fig. 10 Circulation of downstream hydrofoil vs. distance, 
(u-stream)-NACA0012 (d-stream) interaction. Upstream         for different upstream hydrofoil thicknesses. 
hydrofoil has 0° AoA while downstream has 5°. 
 
 
Fig. 11 Comparison of inviscid flow with viscous flow. 
Effect of angle of attack 
A ship advances in water without any angle of attack whilst a rudder may rotate to maintain a ship’s course. This case is 
tried to be simulated with the upstream hydrofoil having zero angle of attack when the downstream hydrofoil’s angle of attack 
changes continuously. It is clear that as the angle of attack of the downstream hydrofoil increases, the acquired lift will increase. 
Therefore, the comparison in this section has been made on the interacted case and the single case. The lift of the downstream 
hydrofoil will be examined and checked to see if the upstream hydrofoil has an effect on its lift. So, analyses are made for an 
isolated hydrofoil only and a hydrofoil with another hydrofoil in front of it. 
Hydrofoils are NACA0012 and 1 unit of chord length. The distance between the leading edges is fixed to 2 units. The results 
of the angle effect for the single and the interacted cases are given in Fig. 12. “Alpha” is the angle of attack in that figure. 
It is well known that in real flows, there is a concept called “stall” which restrains the maintained lift after some degree of 
angle of attack. Due to potential analysis, effect of stall cannot be seen from Fig. 12. However, the stall effect must be detected 
in viscous flow solutions. In Fig. 13, results of the potential and viscous flows are compared for the interacted case and the 
signals of stall can be detected from that Figure by the gradual decrease of the slope of viscous flow curve.  
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Fig. 12 Circulation vs. angle of attack for the single and       Fig. 13 Comparison of inviscid and viscous flows  
the interacted cases. AoA of the upstream hydrofoil is fixed to 0°.       for the interacted case by different methods. 
Effect of chord length 
The effect of chord length is tried to be simulated with the ratio of the distance between the leading edges ( L  in our case) 
and the chord length of the downstream hydrofoil ( 2CH in this case). The chord length of the forward hydrofoil is 1 unit 
while 2L CH ratio is fixed to a constant of 2. Upstream hydrofoil has 0° angle of attack while the downstream hydrofoil has 5°. 
Both hydrofoils have NACA0012 sections. Values for the both hydrofoils and their totals were analyzed as the chord length of 
the downstream hydrofoil changed. The results are derived for iterative BEM and FVM. 
As it was expected, circulation of the backward hydrofoil was nearly in a linear increasing trend because the increase in the 
chord length of a foil dominates an interaction by another hydrofoil. The interaction, of course, changes the circulation of a 
hydrofoil but it may be shadowed by the effect of the increase in chord length. 
The upstream hydrofoil is indirectly affected from an increase in the downstream hydrofoil’s chord length. Therefore; as the 
chord length of the downstream hydrofoil increases, the lift of the upstream hydrofoil increases - but this increase slowly fades 
as the interaction between the hydrofoils fade. Fig. 14 explains this situation. 2CH represents the chord length of the down-
stream hydrofoil. 
 
      
 Fig. 14 Circulation vs. chord length of the backward              Fig. 15 Comparison of viscous and  
hydrofoil to analyze chord length effect. Upstream                       potential flow results. 
hydrofoil has 0° AoA while downstream has 5°. 
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Values generated by RANSE are again lower than that produced by the inviscid case. Viscous flow solutions derived from 
RANSE are compared with the inviscid flow solutions derived with FVM. Effects of viscosity in the fluid influence the whole 
tandem hydrofoil system and this can be examined from the graph given in Fig. 15. 
Effect of aspect ratio 
To understand the effects of aspect ratio on the tandem hydrofoil system, the flow geometry must be extended to 3-D. In 2-
D solutions, the hydrofoils are considered to have infinite span and therefore infinite aspect ratio; however, in this section aspect 
ratios of the hydrofoils are finite. 
The angle of attack for the upstream hydrofoil is 0o, while it is 5° for the downstream hydrofoil. Both hydrofoils are of 
NACA0012 section whose chord lengths are 1 unit and the distance between the leading edges is 2 units. The only varying 
parameter is the aspect ratios of both hydrofoils. The aspect ratios of both hydrofoils are considered to be equal. 
The change in circulation in different aspect ratio values of hydrofoils are given in Fig. 16. The calculations are made with 
FVM for both potential and viscous fluid flow cases. Viscous fluid flow decreases the lift generated by both hydrofoils. Careful 
examination of the figure will lead to the conclusion that as the aspect ratio of the hydrofoils decrease, inviscid flow solutions 
get closer to viscous flow solutions. It seems like viscosity effects hydrofoils with greater aspect ratios. 
 
 
Fig. 16 Inviscid and viscous flow solutions for different aspect ratios of tandem hydrofoils.  
Upstream hydrofoil has 0° AoA while downstream has 5°. 
Effect of tapered wings 
To analyze the effect of tapering of a wing, the downstream hydrofoil is tapered. This section may illustrate the case of 
tapered rudders. See Fig. 17 for the visualization of the case. 
 
 
Fig. 17 Case setup to analyze effect of tapered wings. 
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In Fig. 17, 1 1c =  and is changed from 0.2 to 1, in steps of 0.2. Leading edge of the downstream hydrofoil is a line 
connecting the leading points of the hydrofoil. It is obvious that when 2 1c = , angle 0β = . β  will have positive values as 
2c  is reduced in chord length size. 
Both wings are of NACA0012 section and the distance between the leading edges of the wings are two units. The aspect 
ratios of both wings are 6 and the upstream hydrofoil does not have any angle of attack while the downstream hydrofoil has 5°. 
The results produced from the inviscid and viscous cases are given in Fig. 18. The viscous flow results have produced lower 
lift coefficient values as expected. Tapered downstream hydrofoil reduces the lift coefficient of the upstream hydrofoil while its 
lift coefficient remains about the same. However lift coefficient is not to be mixed up with lift itself in this case, as the lift 
coefficient of the tapered wing may increase while its lift may decrease. This is due to the loss of area caused by the tapering of 
the wing. 
 
 
Fig. 18 Results of tapered wing effect for 6AR = . Upstream hydrofoil has 0° AoA while downstream has 5°. 
FLOW PHYSICS 
Tandem interaction of a hydrofoil system includes many parameters and there are various ways of examining it. This study 
is only limited to steady flows which neglect unsteady motions such as boundary layer separation and stall. The main purpose 
of this paper is to investigate the effects of different parameters and to get the general notion of how these parameters work in 
tandem case. It is not possible to explain every flow phenomenon that is covered in this paper since there are a large number of 
parameters investigated, however; there are some general conclusions derived in terms of flow physics of tandem hydrofoil 
system and these derivations will be mentioned in this section of the paper. 
To explain the flow physics of tandem hydrofoil system, the pressure distributions around two NACA0012 hydrofoils of 0° 
AoA with 1.05 units of distance are investigated by BEM and FVM. When the hydrofoils are close, the interaction between the 
hydrofoils will be at the utmost level. The downstream hydrofoil works in the wake region of the upstream hydrofoil and its 
leading edge will be affected more. The upstream hydrofoil confronts the flow first and the leading edge of the upstream 
hydrofoil will not be affected that much, however; it is expected that the trailing edge of the upstream hydrofoil will be affected 
when there is strong interaction. Please refer to Fig. 19 for the pressure distribution around hydrofoils when there is interaction 
and when there is not. 
The interaction between the hydrofoils increases the pressure at the trailing edge of the upstream hydrofoil and the leading 
edge of the downstream one. The flow gets stuck in-between the hydrofoils which increases the pressure in the gap region. This 
pressure increase in the gap reflects to the parts which are close to it. Please refer to Fig. 20 to investigate the pressure distribu-
tion in between the hydrofoils. 
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Fig. 19 Pressure distributions around hydrofoils with/without interaction. Distance is 1.05 units. 
 
 
Fig. 20 Pressure contours of the fluid for 0.05 unit gap in between the hydrofoils. 
 
When the hydrofoils are put farther apart, it is expected that the effects of interaction should fade away. If Fig. 21 is 
examined, it may be understood that this hypothesis is in fact true as pressure distributions around the hydrofoils overlap in 
interacted and non-interacted cases. The distance in this case is increased to 2 units. 
 
 
Fig. 21 Pressure distributions around hydrofoils with/without interaction. Distance is 2 units. 
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As the distance is increased, the flow is more relaxed and does not get stuck in the gap region between the hydrofoils. 
Therefore; the pressures are not affected anymore and as the distance between the hydrofoils goes to infinity, the effect of the 
interaction is practically zero. Pressure contours of the fluid for this case is given in Fig. 22. However; while examining these 
figures, it must be kept in mind that these results are obtained with inviscid flow assumption which totally ignores the effects of 
viscosity. When viscosity is introduced to the flow, a totally different flow physics is expected. 
 
 
Fig. 22 Pressure contours of the fluid for 1 unit gap in between the hydrofoils. 
 
When the hydrofoils are three dimensional, aspect ratio is of importance. If the aspect ratio is small, downwash from the tips 
of the hydrofoils are expected. The flow does not follow the hydrofoil escape from the high pressure region to slip from sides 
where the pressure is lower. When the flow cannot follow the surface of the hydrofoil and slides by the tips, the correlation 
length of the flow decreases which in turn results in diminished lift. Infinite aspect ratio practically means two dimensional flow 
where there is no tip vortex. In this case, one must expect higher lift because the correlation length of the flow is increased and 
all the flow that the hydrofoils confront are used to generate vertical forces. 
CONCLUSION 
Tandem hydrofoil system is a frequently used system in hydromechanics. To fully know how the different parameters 
influencing the system is a major advantage in setting up and designing any floating object inside a fluid. In any conventional 
ship or in high speed vessels such as hydrofoil vessels, hydrofoils (or similar streamlined bodies) in tandem exist and effect of 
each object onto the other in the fluid is a significant subject to work on. This study focuses on the various affects of these 
parameters both in inviscid and viscous flow. The effects of different parameters like distance, thickness, angle of attack, chord 
length, aspect ratio and tapered wing on the interaction reveals the optimum cases for lift generation. The tandem arrangement 
phenomenon is investigated using two methods; iterative BEM and FVM. Iterative BEM is very efficient to return results in a 
very short time due to the discretization of the hydrofoil surface only. In order to run FVM, the whole fluid domain must be 
discretized which is costly. However, FVM has the advantage to implement viscosity to the system while this could only be 
done at a very basic level with BEM using Boundary Layer Theory; which is omitted in this paper. It is expected that this study 
gives a brief idea about how objects inside fluid interfere with each other and this would be a useful knowledge in the pre-
design stage of any marine structure or vehicle.  
 
The facts that are deduced from this study can be summarized as follows:  
• As the distance gets greater, the total circulation of the hydrofoil system decreases. Downstream hydrofoil should be placed 
closer to the upstream one to obtain more lift. 
• When there is a small distance in between the hydrofoils, the flow gets stuck in the gap region to increase the pressure at the 
trailing edge of the upstream and the leading edge of the downstream hydrofoils. The effect of the interaction vanishes with 
greater distance. 
• The upstream hydrofoil must be thicker to maximize lift generated by the downstream one. It is clear that as the downstream 
hydrofoil is thickened, its lift will be enhanced. 
• A hydrofoil in front of another hydrofoil decreases the downstream hydrofoil’s lift.  
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• Chord length of the downstream hydrofoil acts positively in terms of generating lift. As the chord length increases, the 
obtained lift increases. 
• As the aspect ratio of the hydrofoils increase, the results of the flow converge to 2D solutions. Decline of aspect ratio of a 
hydrofoil affects the lift of both hydrofoils negatively due to downwash and tip vortex. 
• Tapered wings increase the lift coefficient of the forward hydrofoil while the lift coefficient of the backward hydrofoil remains 
about the same. Tapered wings have lesser area and therefore produce lesser lift. 
• Viscosity of the fluid affects the lift produced by both hydrofoils negatively. 
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